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Spectroscopic ellipsometry and high resolution transmission electron microscopy have been used to
characterize microcrystalline silicon films. We obtain an excellent agreement between the multilayer
model used in the analysis of the optical data and the microscopy measurements. Moreover, thanks
to the high resolution achieved in the microscopy measurements and to the improved optical
models, two new features of the layer-by-layer deposition of microcrystalline silicon have been
detected: ~i! the microcrystalline films present large crystals extending from the a-Si:H substrate to
the film surface, despite the sequential process in the layer-by-layer deposition; and ~ii! a porous
layer exists between the amorphous silicon substrate and the microcrystalline silicon film. © 1996
American Institute of Physics. @S0003-6951~96!02730-1#In situ ellipsometry is a powerful nondestructive tech-
nique providing detailed information on the growth mecha-
nisms and optical properties of thin films.1 In order to get
information on the composition of a film, the real ^e1& and
imaginary ^e2& parts of the pseudodielectric function of the
system film plus substrate, deduced from the ellipsometric
angles D and C, are compared to those of an optical model
based on Bruggeman’s effective-medium theory.2 The differ-
ences between the measured and calculated data are mini-
mized by a linear regression analysis. In recent years we
have applied this technique to study the layer-by-layer depo-
sition of microcrystalline silicon films.3 In this method, mi-
crocrystalline silicon films are obtained by alternating the
deposition of hydrogenated amorphous silicon ~a-Si:H! dur-
ing a time TSi with its exposure to a hydrogen plasma during
a time TH . The major conclusions deduced from these stud-
ies are: ~i! the nucleation of a crystalline phase within the
a-Si:H network takes place once the initially dense a-Si:H
film has been converted into porous a-Si:H by the hydrogen
plasma exposure,4 ~ii! the crystallization of the a-Si:H film
deposited during the time TSi is related to the diffusion of
hydrogen, leading to nanovoid and broken bond formation
processes,5 and ~iii! there is a substrate dependence of the
long term evolution of the properties of the already deposited
films.6
Because most of our previous results were based on in
situ ellipsometry and because of the increasing complexity of
optical models used to fit the experimental data, we have
performed an independent validation of the optical models
by high resolution transmission electron microscopy
~HRTEM! measurements. An excellent agreement between
the results of the optical models and the HRTEM measure-
ments has been achieved, in agreement with previous
reports.7 Moreover, the HRTEM measurements have allowed
a!Electronic mail: roca@poly.polytechnique.frAppl. Phys. Lett. 69 (4), 22 July 1996 0003-6951/96/69(4)/5us to improve the optical models and reveal new features of
the layer-by-layer deposition of mc-Si.
Microcrystalline silicon films were codeposited on dif-
ferent substrates by the layer-by-layer technique. Figure 1
shows the experimental and calculated real and imaginary
parts of the pseudodielectric function of a system consisting
of a mc-Si layer grown on an a-Si:H film deposited on a
crystalline silicon substrate. The a-Si:H film was obtained by
the rf glow discharge decomposition of pure silane. After its
exposure to air this film was loaded along with other sub-
strates for the layer-by-layer deposition of a microcrystalline
silicon layer. We have previously reported that the native
oxyde layer on the a-Si:H substrate has no effect on the
growth of the mc-Si film.6 The details of the deposition sys-
FIG. 1. Experimental ~crosses! and simulated ~solid line! real and imaginary
parts of the pseudodielectric function of a microcrystalline silicon film de-
posited on an a-Si:H film deposited on a crystalline substrate. A schematic
view of the optical model used to fit the experimental data is shown in the
figure. Fa and Fc represent, respectively, the amorphous and crystalline
fractions, the difference to 100% corresponding to the void fraction. Note
the poor quality of the fit in the low energy part of the spectra.52929/3/$10.00 © 1996 American Institute of Physics
tem have been published elsewhere.8 The mc-Si layer was
obtained by repeating 50 cycles of a-Si:H deposition during
a time TSi520s and exposure to a hydrogen plasma during a
time TH540s. The ellipsometric angles were measured with
a UVISEL spectroscopic phase modulated ellip-
someter.9 In accordance with the deposition sequence, the
optical model used to fit the experimental data consisted of a
crystalline silicon substrate, an a-Si:H layer, a mc-Si layer,
and a surface roughness layer. As shown in Fig. 1, the fit to
the experimental data is excellent, except in the low energy
part of the spectrum. This discrepancy suggests that the bot-
tom part of the film is not well described by the present
model. Indeed, this model gives a void fraction for the
a-Si:H layer ~11%! much higher than expected ~2%! from
the deposition conditions. Of course, it is possible to improve
the optical model by adding more layers. However, without
complementary measurements it would be difficult to say
whether the improvement in the fit has any physical mean-
ing.
In order to get complementary information on the struc-
ture of the film, the same sample was prepared in the follow-
ing manner for transmission electron microscopy measure-
ments: 2 mm wide stripes were cut with a diamond saw. Two
stripes were bonded with the films facing each other with an
M-BOND 610 glue, and again a series of 350 mm thick
stripes were cut with the same saw. These stripes were
thinned down to 30 mm with silicon carbide and aluminum
oxide abrasive papers of decreasing grain size ~15, 9, 3, 1,
and 0.3 mm!. At this point the specimens are mounted on a
copper grid and introduced into a Gatan 600 ion milling
system which uses two 5 kV Ar1 ion guns with an incidence
angle of 15° with respect to the surface. The ion current was
0.5 mA for each ion gun. The milling is stopped when a hole
is detected by optical microscopy in the region of interest.
The cross section of the samples was observed by high reso-
lution transmission electron microscopy ~HRTEM! in a Phil-
lips CM30 microscope with an acceleration potential of 300
kV.
Figure 2~a! shows a TEM micrograph of the whole film
in which the crystalline substrate, the a-Si:H layer and the
mc-SI layer are clearly differentiated. In the mc-Si layer
grains with lateral sizes up to 250 Å and extending vertically
from the a-Si:H substrate to the film surface are clearly ob-
served. This columnar-like growth was not expected from
the layer-by-layer process in which a 20-Å-thick a-Si:H
layer is deposited at each cycle. Moreover, diffraction pat-
terns taken at different points of the sample did not show any
preferential orientation. Further work is necessary to under-
stand why the crystal grains extend through the whole film
thickness. Figures 2~b! and 2~c! show HRTEM images of the
crystalline silicon/a-Si:H interface and of the mc-Si layer.
While the c-Si/a-Si:H interface is abrupt, the a-Si:H/mc-Si
interface is rough, the thickness of this interface being '100
Å and comparable to the surface roughness of the mc-Si
layer. The top part of Fig. 2~c! corresponds to the M-BOND
610 glue used to prepare the samples. The HRTEM observa-
tion of the mc-Si layer @Fig. 2~c!# suggests that this layer is
completely crystallized, without any remaining amorphous
phase. In this figure one can observe some fringes with a
large separation corresponding to moire´ interference530 Appl. Phys. Lett., Vol. 69, No. 4, 22 July 1996fringes10 produced by two crystals, one lying on top of the
other with slightly different orientations. Moreover, the
^1,1,1& planes of c-Si can be clearly distinguished in Fig. 2~a!
for the c-Si substrate. By using the expected distance be-
FIG. 2. High resolution transmission electron microscopy images of ~a! a m
c-Si film deposited by the layer-by-layer technique on an a-Si:H film de-
posited on crystalline silicon; ~b! the interface between the crystalline sili-
con and the a-Si:H film; and ~c! the mc-Si film.Roca i Cabarrocas et al.
tween these planes ~3.1356 Å! we have calibrated the thick-
ness of the different layers with a precision better than 2.7%.
The following values have been deduced: a-Si:H layer 2000
Å; mc-Si layer 550 Å; surface roughness and thickness of the
a-Si:H/mc-Si interface <100 Å. These values are in excel-
lent agreement with these deduced from the optical model
~Fig. 1!, despite the poor quality of the fit in the low energy
part of the spectra. The high crystalline fraction obtained
from the SE model ~Fig. 1! shows that the crystallites ob-
served in the HRTEM images dominate the optical proper-
ties, and that the grain boundaries, where an amorphous tis-
sue can be present, have very low influence.
Turning our attention to the SE models, the HRTEM
pictures suggest that the a-Si:H/mc-Si interface should be
included in the optical model. Therefore, we added a new
layer in the optical model formed by a mixture of a-Si:H,
mc-Si and voids, as is the case for the surface roughness
layer. Indeed, adding a new layer improved the fit. However,
when running the model to minimize the difference between
the experimental and calculated values, it appeared that the
essential feature of the interface layer was not its crystallinity
but rather its higher porosity when compared to that of the
underlying a-Si:H or to that of the mc-Si layer. As suggested
by the HRTEM pictures, we can force the presence of an
interface layer which would be 40 Å thick with a composi-
tion of Fa543% and Fc553%. However, this interface
layer does not improve the fit. This may result from the fact
that its thickness is of the order of the precision of the ellip-
sometric models. The only way to improve the fit in the low
energy part is the introduction of a'400 Å thick a-Si:H
layer having a porosity of 8%. Figure 3 shows the same
experimental data as Fig. 1, along with the results of the fit
using the model schematically described in the lower part of
the figure. We observe that in this case the low energy part of
the spectra ~interference fringes! is well described by the
model. Moreover, contrary to the results of Fig. 1, the
a-Si:H substrate is very dense, as expected from the deposi-
tion conditions. Therefore, the important results in Fig. 3 is
the presence of the 400 Å thick, 8% porous a-Si:H interface
layer between the a-Si:H and the mc-Si layers. Indeed, we
have shown in our previous studies that in order to grow
mc-Si on top of a-Si:H it is necessary to form a highly po-
rous a-Si:H layer where crystal nucleation takes place.4 The
results in Fig. 3 suggest that the porous interface layer is the
relic of the highly porous layer formed by the hydrogen
plasma during which the nucleation of crystallites took place.
In conclusion, we have shown that analysis of the SE
measurements in the framework of the effective medium ap-
proximation gives detailed information on the thickness and
composition of multilayer structures, in excellent agreementAppl. Phys. Lett., Vol. 69, No. 4, 22 July 1996with high resolution transmission electron microscopy mea-
surements. Moreover, the HRTEM measurements have re-
vealed the formation of large crystals by layer-by-layer depo-
sition of mc-Si, while refinement of the optical models
confirms the importance of the formation of a porous phase
in the nucleation of crystallites.
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FIG. 3. Experimental ~crosses! and simulated ~solid line! real and imaginary
parts of the pseudodielectric function of a microcrystalline silicon film de-
posited on an a-Si:H film deposited on a crystalline substrate. The optical
model used to fit the experimental data has been improved with respect to
that shown in Fig. 1 by inserting an interface layer between the
a-Si:H substrate and the mc-Si film, suggested by the micrographs shown in
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